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Background. This study examined drug interactions between buprenorphine, a partial opioid agonist used for opioid dependence treatment and pain management, and the protease inhibitors (PIs) darunavir-ritonavir and fosamprenavir-ritonavir.
Methods. The pharmacokinetics of buprenorphine and its metabolites and symptoms of opioid withdrawal or excess were compared in opioid-dependent, buprenorphine-naloxone-maintained, human immunodeficiency virus (HIV)-negative volunteers (11 for darunavir-ritonavir and 10 for fosamprenavir-ritonavir) before and after 15 days of PI administration. PI pharmacokinetics and adverse effects were compared between the buprenorphine-maintained participants and an equal number of sex-, age-, race-, and weight-matched, healthy, non-opioid-dependent volunteers who received darunavir-ritonavir or fosamprenavir-ritonavir but not buprenorphine.
Results. There were no significant changes in buprenorphine or PI plasma levels and no significant changes in medication adverse effects or opioid withdrawal. Increased concentrations of the inactive metabolite buprenorphine-3-glucuronide suggested that darunavir-ritonavir and fosamprenavir-ritonavir induced glucuronidation of buprenorphine.
Conclusions. Dose adjustments are not likely to be necessary when buprenorphine and darunavir-ritonavir or fosamprenavir-ritonavir are coadministered for the treatment of opioid dependence and HIV disease.
Combination antiretroviral therapy (cART) is frequently underused in drug users with human immunodeficiency virus (HIV) disease because of difficulties in obtaining adherence adequate to maintain viral suppression [1] . Optimal clinical care requires treatment of both HIV disease and substance dependence. Opioid dependence can be effectively treated with either methadone or buprenorphine. However, several nonnucleoside reverse transcriptase inhibitors and protease inhibitors (PIs) have been shown to inhibit or induce methadone metabolism, resulting in potential for methadone toxicity or withdrawal symptoms [2] .
Buprenorphine has been shown to be equivalent to methadone in the treatment of opioid-dependent patients [3] and can be prescribed by qualified physicians outside of specialized opioid dependence treatment programs. As a partial opioid agonist, buprenorphine has a ceiling effect that reduces toxicity at higher doses or when its metabolism is inhibited. Buprenorphine is metabolized in part via cytochrome P450 3A4 (CYP3A4) to norbuprenorphine [4, 5] , an active metabolite, which may prevent opiate withdrawal when buprenorphine metabolism is induced. To date, the only clinically significant interaction found between buprenorphine and antiretrovirals is with atazanavir-ritonavir, which elevated buprenorphine and norbuprenophine concentrations [6] .
Here we examine the interaction of buprenorphine with darunavir-ritonavir or fosamprenavir-ritonavir. When given alone, ritonavir, a potent inhibitor of CYP3A4 [7, 8] , increases buprenorphine as well as norbuprenorphine concentrations [9] without increasing adverse effect of buprenorphine [10] . The effects of ritonavir in combination with other PIs are not necessarily predictable from the effects of the individual agents. For example, although darunavir is a mild CYP3A4 inhibitor and fosamprenavir a mixed inhibitor and inducer of CYP3A4 [11] , darunavir-ritonavir decreases rather than increases methadone plasma levels, causing withdrawal symptoms [12] , and fosamprenavir-ritonavir decreases R-methadone plasma levels, although without producing withdrawal symptoms [13] . These findings with methadone led us to ask how darunavir-ritonavir and fosamprenavir-ritonavir affect buprenorphine pharmacokinetics. We investigated (1) whether the pharmacokinetics of buprenorphine, administered as sublingual buprenorphinenaloxone, are affected by darunavir-ritonavir or fosamprenavirritonavir; (2) whether the pharmacokinetics of darunavir or fosamprenavir are affected by buprenorphine; and (3) whether clinically significant pharmacodynamic effects or toxic effects occur with coadministration.
METHODS

Design
Participants included (1) opioid-dependent adults (11 for darunavir-ritonavir, 10 for fosamprenavir-ritonavir) receiving a stable dose of buprenorphine-naloxone for $2 weeks and (2) equal numbers of sex-, age-, race-, and weight-matched, healthy, non-opioid-dependent volunteers. Both studies were open label and included (1) a within-subjects component that examined the effect of PI administration on buprenorphine disposition and (2) a between-subjects component that examined the effect of buprenorphine on PI disposition. The study design has been described elsewhere [14] .
Procedures
The darunavir-ritonavir study was conducted at the University of California San Francisco (UCSF). The fosamprenavir-ritonavir study was conducted at UCSF and Virginia Commonwealth University. The studies were approved by the UCSF and both institutional review boards, respectively. Study fliers were posted in local substance abuse treatment clinics, in the community, and online. All participants provided voluntary written informed consent and received monetary compensation for their time. They received a physical and psychiatric evaluation. Substance use and mental disorders were diagnosed by means of clinical assessment and the Mini International Neuropsychiatric Interview [15] . Opioid-dependent participants received buprenorphine-naloxone and counseling at no charge. Those wishing to continue treatment at study exit were assisted with transfer to a community provider.
Eligible individuals were $18 years old, were not being treated with medications that might alter metabolic enzyme function, were HIV negative (by HIV antibody and viral load tests), and had no significant medical conditions as determined by medical history, physical examination, electrocardiogram, complete blood cell count, liver function tests (participants were excluded if their levels were $3 times the upper limit of normal), glucose test, urea nitrogen test, creatinine test, and pregnancy test (negative on entry and weekly during participation for women with childbearing potential). Urine was tested for recent use of opioids (including morphine, codeine, methadone, and oxycodone), cocaine, amphetamines, marijuana, and benzodiazepines. Urine toxicology was repeated before conducting pharmacokinetic studies and randomly, at least weekly, during study participation.
Opioid withdrawal was assessed by standardized clinician rating (Objective Opioid Withdrawal Scale [OOWS]; scores of $3 indicate moderate withdrawal symptoms) [16] ). Cognitive impairment was measured with the Mini-Mental State Examination (MMSE; maximum score, 30; scores of ,24 indicate cognitive impairment) [17] . Adverse experiences were recorded using an adverse symptoms checklist, including changes in energy, central nervous system effects, gastrointestinal symptoms, genitourinary symptoms, and other somatic complaints, each scored for severity on an ordinal scale (0-3; 0, not present; 1, mild; 2, moderate; 3, severe; maximum possible score; 87). These were administered before and at completion of PI administration.
Opioid-dependent participants were stabilized (defined as lack of opioid withdrawal, symptoms, or craving and cessation of opioid use as determined by urine toxicology) with a oncedaily dose of sublingual buprenorphine-naloxone. After $2 weeks receiving this dose, they participated in a 24-hour study of buprenorphine pharmacokinetics. For the next 15 days they received buprenorphine-naloxone along with once-daily oral doses of darunavir-ritonavir (800 and 100 mg, respectively) or fosamprenavir-ritonavir (1400 and 200 mg, respectively). This was followed by another 24-hour study to determine buprenorphine and PI pharmacokinetics. For both the darunavirritonavir and fosamprenavir-ritonavir studies, an equal number of age-, weight-, race-, and sex-matched control participants received the same antiretroviral doses for 15 days followed by a 24-hour study of PI pharmacokinetics. Ingestion of all doses was observed by study staff.
Participants were admitted to the Clinical Research Center for pharmacokinetic studies. Results of breath alcohol tests and urine drug screens at admission had to be negative in order to proceed. Participants were fed a standardized breakfast 1 hour before the start of blood sampling. Blood samples were collected before buprenorphine-naloxone and PI administration and at 0.5, 1, 1.5, 2, 4, 6, 8, 12, and 24 hours after administration. Plasma samples were prepared soon after collection and stored frozen until time of analysis.
Biochemical Assays
Buprenorphine and metabolite concentrations were determined using liquid chromatography-tandem mass spectrometry as described elsewhere [18] , except that buprenorphine-d 4 and norbuprenorphine-d 3 were used as the internal standards for their respective glucuronides. Darunavir [19] or amprenavir (the active metabolite of fosamprenavir) [20] were quantified using high-performance liquid chromatography assays, described elsewhere.
Pharmacokinetic Analysis
To facilitate summary and comparison, concentrations of buprenorphine and its metabolites were normalized to the concentrations expected for a 16-mg dose of buprenorphine by multiplying the measured concentration by 16 divided by the dose administered. Pharmacokinetic parameters for buprenorphine, norbuprenorphine, buprenorphine-3-glucuronide, norbuprenorphine-3-glucuronide, and either darunavir or amprenavir were determined as appropriate for each subject.
The area under the concentration-time curve (AUC), trough plasma concentration (C 24 ), maximum plasma concentration (C max ), time of C max (T max ), and bioavailability-adjusted clearance (CL/F) were determined using the noncompartmental analysis module of WinNonLin Professional software (version 3.2; Pharsight [21] ). Drug concentrations that were less than the limit of quantitation were expressed as one-half of the limit for analysis. For metabolites, the value of CL/F was calculated with F as the fraction of parent drug dose converted to circulating metabolite.
Statistical Analysis
Past drug interaction studies of methadone and antiretroviral medications indicated that the coefficients of variation for PI parameters would be 30%. A sample size of 10 was needed to detect a 40% difference in PI AUC with a power of 0.8. Because within-subject coefficients of variation are smaller, a sample size of 7 was adequate to detect a 40% difference in buprenorphine AUC [22] . Buprenorphine pharmacokinetic parameters were compared within subjects by means of the paired t test, except for the nonparametric value T max , for which the Wilcoxon test was used. PI pharmacokinetic parameters for the buprenorphine group versus the control group were compared by means of the Kruskal-Wallis test, and those for T max were compared by means of the Mann-Whitney U test. Differences were considered statistically significant at P #.05 (2-tailed). Subject characteristics were compared by single-factor analysis of variance. 
RESULTS
Participants
Most opioid-dependent participants were stabilized with 16 and 4 mg of buprenorphine and naloxone, respectively; 3 participants in the darunavir-ritonavir study were stabilized with lower doses (12:3, 10:2.5, and 8:2 mg, respectively), and 2 participants in the fosamprenavir-ritonavir study were stabilized with lower doses (8:2 and 4:1 mg, respectively). Injection drug use and hepatitis C were more frequent, and aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels higher, in the participants who received darunavir-ritonavir than in those who received fosamprenavir-ritonavir (Table 1) . Participants were otherwise physically healthy and had no mental disorders other than substance use disorders. Control subjects were matched by sex, race, age, and weight; were physically healthy; and had no mental disorders. Concomitant medication use was limited to 1 buprenorphine-naloxone-maintained participant in the darunavir-ritonavir study who was chronically treated with thyroid hormone supplement and had normal thyroid function. Abuse of substances other than opioids was common in both the buprenorphine and control groups, with cocaine abuse most prevalent (Table 1) common in both opioid-dependent and control participants, with all smokers reporting 1 pack per day (PPD) or less (range, 0.1-1.0 PPD). In the darunavir-ritonavir study, the control group smoked significantly less than the opioid-dependent group (5 vs 10 smokers and fewer cigarettes per day among smokers).
Interactions Between Buprenorphine and PIs
Effects of Darunavir-Ritonavir on Buprenorphine Darunavir-ritonavir produced no significant changes in the pharmacokinetics of buprenorphine or norbuprenorphine (Table 2 ; Figure 1 ). For buprenorphine-3-glucuronide, the values of AUC and C max increased and that of CL/F decreased significantly. The later T max for norbuprenorphine-3-glucuronide was clinically inconsequential. Darunavir-ritonavir administration did not increase opiate withdrawal (OOWS score both before and after darunavir-ritonavir, 0.0 [standard error, 0.0]) or cognitive problems (no MMSE scores of ,24). Darunavirritonavir had no clinically significant effects on AST or ALT levels (Table 1) , and corrected QT (QTc) and PR intervals at electrocardiography did not change significantly. Adverse symptoms were infrequent and did not differ significantly during administration of darunavir-ritonavir, compared with before administration, or between the participants who received buprenorphine-naloxone and the control subjects.
Effects of Fosamprenavir-Ritonavir on Buprenorphine
Fosamprenavir-ritonavir did not significantly affect the pharmacokinetics of buprenorphine or norbuprenorphine (Table 3 ; Figure 2 ). It did significantly increase the buprenorphine-3-glucuronide AUC. Fosamprenavir-ritonavir administration did not increase opioid withdrawal (OOWS score before fosamprenavir-ritonavir, 0.1; OOWS score after fosamprenavirritonavir, 0.0 [not significant]) or cognitive problems (no MMSE scores of ,24). Fosamprenavir-ritonavir had no significant effects on AST level, ALT level, QTc interval, or PR interval (Table 1) . Adverse symptoms were infrequent in both groups and did not change significantly during administration of fosamprenavir-ritonavir, compared with before administration.
Effects of Buprenorphine on PI Pharmacokinetics
Buprenorphine-naloxone had no significant effects on the disposition of darunavir or amprenavir ( Figure 3 ; Table 4 ). Concentrations of both PIs remained within their respective therapeutic ranges during buprenorphine-naloxone treatment.
DISCUSSION
Summary of Findings and Replication
The AUCs of buprenorphine and norbuprenorphine and the peak and trough concentrations did not change significantly with either PI combination, and no pharmacodynamic interactions were observed. The only significant change with these PIs was increased AUC of an inactive metabolite, buprenorphine-3-glucuronide. Darunavir and amprenavir pharmacokinetics were unaffected by buprenorphine. The AUC of buprenorphine also did not increase significantly in a similar study of 7 days of darunavir-ritonavir (600 and 100 mg, respectively, twice daily), a high dose typically given to therapyexperienced patients [12] .
Glucuronidation
Ritonavir, darunavir, and fosamprenavir are all able to inhibit CYP3A4 [11] , but we observed no significant effect of darunavirritonavir or fosamprenavir-ritonavir on buprenorphine AUC, which suggests possible induction of alternate clearance pathways. For example, the increases seen in the levels of buprenorphine glucuronide metabolites are consistent with induction of glucuronidation. The buprenorphine-3-glucuronide AUC increased with either darunavir-ritonavir or fosamprenavirritonavir in the present study, but not with ritonavir alone in our previous study [10] . Similarly, when darunavir-ritonavir was administered with etravirine, also a CYP3A4 substrate, the etravirine AUC decreased by 37%, suggesting induction of other drug-metabolizing enzymes [23] . The same pattern of unchanged buprenorphine level and increased buprenorphine-3-glucuronide level was also found for another boosted PI, lopinavir-ritonavir [10] . Induction of glucuronidation could become a problem if it decreases concentrations and clinical effectiveness of numerous other medications metabolized by this pathway, such as morphine, naloxone, oxazepam, zidovudine [24] , nonsteroidal anti-inflammatory drugs, and antineoplastic agents [25] .
Contrast to Interactions With Methadone
Our finding that darunavir-ritonavir and fosamprenavir-ritonavir did not significantly affect buprenorphine concentrations contributes to the advantage of buprenorphine-naloxone over methadone for the treatment of opioid dependence in HIV-positive patients. Darunavir-ritonavir and fosamprenavirritonavir decreased the l-receptor active R-methadone AUC (16% and 18%, respectively), resulting in opiate withdrawal symptoms in the darunavir-ritonavir group (25%) [12] but no withdrawal in the fosamprenavir study [13] . Whereas some patients will need methadone dose increases when treated with darunavir-ritonavir or fosamprenavir-ritonavir, buprenorphinenaloxone doses will rarely require adjustment. If a methadone dose is increased during therapy with darunavir-ritonavir or fosamprenavir-ritonavir, then stopping therapy will create a risk for methadone toxicity and require tapering methadone back to a lower dose. This is unlikely to be necessary with buprenorphinenaloxone treatment. 
Limitations
We studied the PIs without the other medications typically used in cART regimens. Studies of particular multidrug combinations could become obsolete before publication as the field of HIV treatment advances. We chose to study single-drug interactions because this information can help clinicians determine which medications might be responsible when adverse events occur. Participants had opioid dependence but not HIV infection and/or AIDS. It would be difficult to enroll multiple individuals with HIV disease who all receive the same cART regimen, as well as buprenorphine-naloxone, who would (1) be healthy enough to safely participate and (2) not be receiving potentially interacting concomitant medications, making it difficult to complete a study in a timely manner. We have shown in previous studies that pharmacokinetics for zidovudine [26] and nevirapine [27] are similar in those with and without HIV infection.
Participants receiving buprenorphine and control participants were imperfectly matched. However, we found no significant differences in PI pharmacokinetics between buprenorphinenaloxone and control participants. It is unlikely that modest differences in the composition of the samples would have by chance offset a real effect of buprenorphine on the disposition of the PIs. In analyses of the effects of the PIs on buprenorphine pharmacokinetics and pharmacodynamics, subjects served as their own controls.
The small sample size was sufficient to detect pharmacokinetic differences, but it may have been too small to identify pharmacodynamic differences, which were infrequent and measured with categorical variables, reducing statistical power. However, major differences are unlikely, given that there were no significant pharmacodynamic trends, and the only significant pharmacokinetic change was the increase in levels of inactive buprenorphine-3-glucuronide.
CONCLUSIONS
This study demonstrated that there are no clinically significant pharmacokinetic or pharmacodynamic interactions between buprenorphine-naloxone and darunavir-ritonavir or fosamprenavir-ritonavir. The standard doses of darunavir-ritonavir and fosamprenavir-ritonavir used in clinical care of HIV infection may be given to opioid-dependent patients maintained with buprenorphine-naloxone without significant drug interactions. In contrast to methadone, buprenorphine-naloxone is unlikely to need a dose adjustment when patients start or stop taking darunavir-ritonavir or fosamprenavir-ritonavir. In addition, these PIs will continue to be effective when patients start taking buprenorphine-naloxone. Studies to date have shown no clinically significant interactions between buprenorphine and antiretroviral medications, except for atazanavir [6] . Thus, the present study contributes to the literature showing that, compared with methadone, buprenorphine simplifies and improves the safety profile for treatment for opioid dependence in those with HIV infection and/or AIDS.
Notes
